Introduction: Pollicization creates a thumb from another finger to treat hypoplasia/aplasia. Important outcomes include strength, function, dexterity, and quality of life.
and Hand (DASH) 18 , Pediatric Outcomes Data Collection Instrument (PODCI) 19 , and Short 24
Form 36 (SF-36) 20 . 25
Existing studies of outcomes after early childhood finger pollicization for thumb 26 hypoplasia have demonstrated decreased strength and performance on functional tests compared 27 to age-matched norms and non-operated contralateral hands [21] [22] [23] [24] [25] . Despite their functional 28 limitations, patients and parents tend to rate their satisfaction and quality of life unexpectedly 29 high [26] [27] [28] [29] . Less is known about the recovery and development of neuromuscular control of 30 fingertip forces after pollicization. Neural and muscular contributors to dexterous manipulation 31 are particularly plastic during development and improve over an extended period [30] [31] [32] [33] , and thumb 32 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 8 100%), good (70-84%), fair (50-69%), or poor (0-49%) following Strickland's original 107 classification system 42, 43 .
The Upper Extremity domain of the parent Pediatric Outcomes Data 108
Collection Instrument (PODCI) was administered and standardized scores and Z-scores were 109 calculated following the instrument's standard instructions and normative data 19 . 110
Strength 111
Pinch and grip strength were measured using standard pinch (Baseline Hydraulic Pinch, 112 FEI, White Plains, New York) and grip dynamometers (Hydraulic Hand Dynamometer, Preston, 113 Jackson, MI). Three trials were performed for each motion (grip, lateral pinch, and tripod 114 pinch), and the mean force from the three trials was used for analysis. Pinch strength Z-scores 115 were calculated using normative data from Mathiowetz et al. for ages 6-19 years 44 and Valkov et al. for ages 3-5 years 45 . Grip strength Z-scores were calculated using normative data 117 from Hager-Ross et al. 46 . Z-scores indicate the number of standard deviations an individual's 118 measurement is above or below the mean of normal. 95% of non-impaired individuals are 119 expected to have Z-scores between -2 and +2 (values within 2 standard deviations of the mean of 120 the normative group). 121
Functional Tests 122
Functional testing was performed using the Box and Blocks 5 and 9-hole peg tests 7 . The 123 Box and Blocks test is an assessment of manual dexterity. It consists of a box with a partition 124 directly in the center, with 150 blocks placed on one side of the box. The participant is given 60 125 seconds in which to transport one block at a time over the partition, releasing it to the opposite 126 side. The number of blocks transported to the other side is counted. The test is then repeated 127 with the non-dominant hand 44 . Box and Blocks Z-scores were calculated using normative data 128 for the left or non-dominant hand from Mathiowetz et al. for children ages 6-19 years 5 and 129
Jongbloed-Pereboom et al. for children ages 3-5 years 47 . 130
The 9-hole peg test is a standardized and well-established measurement of finger 131 dexterity. The participant is asked to take pegs from a container, one by one, and place them into 132 a pegboard as quickly as possible. The participant must then remove the pegs from the holes, 133 one by one, and replace them back into the container. Scores are based on the time taken to 134 complete the test. 9-hole peg test Z-scores were calculated using normative data for the non-135 dominant hand from Poole et al. 7 . 136
Dexterity (S-D Test) 137
The S-D test assesses the dynamic control of fingertip forces needed for dexterous 138 manipulation. A detailed description of how the S-D test was conducted is provided in 139
Lightdale-Miric et al. 48 ; only a brief description is provided here. Essentially, the participant 140 partially compresses a slender, compliant instrumented spring as far as possible between the 141 thumb and first finger and then maintains that maximal level of compression for at least 3 142 seconds (steady state) (Figure 2 ). The compression force, which is proportional to the distance 143 the spring is compressed, quantifies the maximal ability of the subject to manipulate an unstable 144 object at very low force magnitudes by dynamically controlling the magnitude and direction of 145 fingertip forces. 146
Four different springs of equal stiffness (0.86 N/cm) and diameter (0.9 cm) but varying 147 lengths (2.9 to 4.0 cm) were used to accommodate hands with different sizes and abilities 32 . 148
Each participant used the shortest spring that he or she was not able to fully compress. S-D Z-149 scores were calculated based on the mean steady state force over 3 maximal trials 32 . Additional 150 scores were below -3 for all three types of strength tested (grip, lateral pinch, and tripod pinch) 172 (Table 2 ). Only two hands had grip strength in the normal range (Z-scores: -1.4 and -1.3), and 173 only one had tripod pinch strength in the normal range (Z-score: -0.8). All three of these hands 174
were from different participants. Although the strength of these three hands fell in the normal 175 range, it remained below average. All hands scored below the normal range in lateral pinch 176 strength. 177
Functional Tests 178
Similarly, almost all pollicized hands scored below normal on the traditional functional 179 tests. Pollicized hands scored particularly poorly on the pegboard test, where all hands scored 180 below the normal range with very low scores ( Figure 3 , Table 2 ). Only one hand performed in 181 the normal range for the Box and Blocks test (Z-score: -1.1). This hand also scored in the 182 normal range for grip strength. Total Active Motion was graded as good for 1 hand, fair for 4 183 hands, and poor for 5 hands. 184
Dexterity 185
In contrast, 6/10 pollicized hands had normal dexterity scores (Z-scores: -1.3 to 1.0). 186 
Predictors of Outcome 205
Grip and pinch strength tended to decrease when surgery was done at an older age (Table  206 3, Figure 4 ). PODCI scores also tended to decrease with older age at surgery because the two 207 participants with low PODCI Z-scores underwent pollicization at older ages (2.5, 3.1, and 5.0 208 years; one participant had two hands pollicized at different times). In contrast, the functional 209 outcomes (Box and Blocks, pegboard, S-D) showed no relationship to age at surgery, and there 210 was no significant relationship between time since pollicization and any of the outcome 211
Outcomes were not related to the angle of first web or the ratio of thumb to finger length. 213
Grip and tripod pinch strength tended to increase with greater MP flexion range of motion 214 (ROM) and higher TAM score, and tripod pinch strength also increased with greater IP flexion 215 ROM. Increased MP extension deficit was associated with decreased grip and lateral pinch 216 strength and lower Box and Blocks and pegboard scores. Increased IP extension deficit also 217 showed a trend towards lower grip and lateral pinch strength, as well as lower PODCI scores, but 218 not lower functional test scores. Tripod pinch strength was higher in the 3 hands with positive 219 touch pad (Z-score mean ± standard deviation: -2.6 ± 0.9) compared with the 7 hands not able to 220 touch pad (-3.8 ± 0.2) (p = 0.05), but touch pad ability did not affect grip or lateral pinch strength 221 The results of this study support the previous findings of diminished strength and overall 262 function in pollicized hands. Using the S-D test, however, we were also able to quantify finger-263 to-thumb dexterity, which showed better outcomes than any of the more global tests of hand 264 function. The S-D test correlates only moderately with traditional functional tests, suggesting 265 M A N U S C R I P T 48, 50 . Our combined results indicate that 266 although children with pollicization lack strength and/or gross motor coordination, they are able 267 to stabilize an unstable object by dynamically controlling fingertip forces to a point. Therefore, 268 these children are likely to achieve high levels of independence with self-care, writing, and small 269 object manipulation. 270 outcomes. In addition, increased severity often involved abnormalities of the radial most finger. 279
A C C E P T E D ACCEPTED MANUSCRIPT that the S-D test captures a different domain of function

Anatomy and Range of Motion
If the radial most finger has reduced pre-operative range of motion, joint contracture, or absence 280 of musculature, outcomes after pollicization may be compromised. 281
Non-Pollicized Hands 282
The non-pollicized contralateral hands of unilaterally pollicized children in our study had 283 We have previously demonstrated that dexterity as defined by the S-D test is closely correlated 306 with measures of strength and whole-arm function, but also quantifies a different functional 307 domain in typically developing children 50 . In this study, we extend those results to highlight the 308 deficits of neural control mechanisms in the presence of a clinical condition (e.g., pollicization).
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Neuromuscular Plasticity 310
Although children exhibit the plasticity needed to adapt their control systems to control 311 fingertip forces after pollicization 51 Even children who sustain injury to the central nervous system (with intact anatomy), such as 321 children with cerebral palsy, retain a certain level of neuroplasticity into adolescence, showing 322 improvements in hand function after intense therapy 65, 66 . Children undergoing pollicization have 323 an intact neural system, increasing the potential for cortical plasticity and motor relearning with 324 appropriate hand use following pollicization 51 . This highlights the need for future studies 325 evaluating the near-and long-term changes in cortical function after treatment and therapy. 326
Neuroplasticity and adaptive ability are assumed to be greater when surgery is performed 327 at a younger age, which is the current trend in treatment protocols 51,67 . While we found no effect 328 of age at surgery on functional testing outcomes, all patients in this study underwent surgery by 329 the age of five years. Younger age at surgery did have a positive impact on strength, in contrast 330 to the findings of Manske et al. who found no relationship between age at surgery and measures 331 of strength 25 . Larger studies including patients who underwent surgery at an older age are needed 332 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
19 to fully understand the effect of age at surgery on plasticity. The results of the current study, 333 together with past research and current knowledge on neuroplasticity and development, strongly 334 suggest that pollicization is effective. However, therapeutic strategies could be further developed 335 to take advantage of neuroplasticity to improve the dynamic control of fingertip forces. While 336 the current clinical emphasis on developing strength and range of motion should continue, the 337 development of dexterity at low force magnitudes is also important and should be promoted 338 through neuroplasticity. 339
Limitations 340
Limitations of this study include its small sample size and cross-sectional design. Larger 341 longitudinal studies are needed to understand changes in function over time as rehabilitation 342 progresses and as the children develop and mature. Different rehabilitation programs need to be 343 evaluated to determine if they can improve a child's dexterity after pollicization. In addition, all 344 surgeries in this study were performed by a single surgeon, which does not allow for comparison 345 of different surgical techniques. Subtle differences in surgical technique such as final thumb 346 length, metacarpal excision amount, the presence or transfer of intrinsic muscles, and extensor 347 and flexor tendon shortening likely affect pollicization outcomes. Additional research is needed 348 to evaluate the effects of different surgical and rehabilitation options on strength, function, and 349 dexterity outcomes after pollicization. 350
Conclusions 351
In conclusion, early childhood pollicization resulted in poor strength and functional test 352 scores 3 to 15 years after surgery. However, most patients were able to achieve near-normal 353 control over low-magnitude fingertip forces, which is a key component of dexterity and in-hand Control of fingertip forces despite low strength and gross motor ability seems to be 358 achieved through neuromuscular plasticity which enables patients to perform the dexterous task 359 after pollicization using altered control strategies. Parents and children undergoing pollicization 360 may be counseled that they will likely obtain adequate dexterity despite weakness after surgery 361 although older children and those with the most severe disease involvement may have poorer 362
outcomes. Post-operative therapy protocols promoting neuroplasticity may result in increased 363 life-long function for the child. 
